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Abstract 

Background: Water-deficit stress is known as one of the most severe environmental stresses affecting the growth of 
plants through marked reduction of water uptake, which leads to osmotic stress by lowering water potential. Adopt-
ing appropriate varieties using soil microorganisms, such as arbuscular mycorrhiza (AM) fungi, can significantly reduce 
the adverse effects of water deficiency. This study aimed to evaluate the role of Funneliformis mosseae on nutrient 
uptake and certain physiological traits of two chamomile varieties, namely Bodgold (Bod) and Soroksári (Sor) under 
osmotic stress. For pot culture, a factorial experiment was performed in a completely randomized design with three 
factors: osmotic stress (PEG 6000) was applied along with Hoagland solution at three levels (0, -0.4 and -0.8 MPa), two 
German chamomile varieties (Bodgold (Bod) and Soroksari (Sor)), and AM inoculation (Funneliformis mosseae species 
(fungal and non-fungal)) at four replications in perlite substrate.

Results: Osmotic stress significantly reduced the uptake of macro-nutrients (N and P) and micro-nutrients (Fe, Cu, 
Mn, and Zn) in the shoots and roots. Moreover, the level of osmolytes (total soluble sugars and proline) and the activ-
ity of antioxidant enzymes in the shoots of both varieties increased under osmotic stress. Regarding the Sor variety, 
the level of these compounds was more satisfactory. AM improved plant nutrition uptake and osmolyte contents 
while enhancing antioxidant enzymes and reducing the adverse effects of osmotic stress. Under osmotic stress, the 
growth and total dry weight were improved upon AM inoculation.

Conclusions: In general, inoculation of chamomile with AM balanced the uptake of nutrients and increased the level 
of osmolytes and antioxidant enzymes; hence, it improved plant characteristics under osmotic stress in both varieties. 
However, it was found to be more effective in reducing stress damages in the Sor variety.
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Introduction
Water-deficit stress (due to global warming and climate 
change) is the leading cause of decremented annual 

plant performance. In arid and semi-arid regions, plants 
are exposed to water-deficit stress due to the simultane-
ous increase in the rate of transpiration and tempera-
ture, in addition to the reduction in root access to water 
(Halo et  al. 2020). Water-deficit stress affects plant life 
in many ways; for example, shortage of water to roots 
reduces the rate of transpiration and induces oxidative 
stress (Hasanuzzaman et  al. 2013). Water-deficit stress 
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imparts deleterious effects on plant growth by affecting 
enzyme activity, nutrient uptake, and nutrient assimila-
tion (Ahanger et al. 2017).

The use of herbal medicinal products and supplements 
has tremendously increased over the past three decades. 
Over 80% of the world’s population relies on these prod-
ucts as a part of their primary healthcare (Sharma, 2004; 
Ekor 2014). German chamomile (Matricaria chamomilla 
L.) belongs to the family of Asteraceae, one of the most 
common medicinal plants (Wichtl 2004). Chamomile is 
a prominent medicinal plant whose compounds are con-
sidered to be safe (Sharifi et al. 2014). German chamomile 
flower and its extracts have antimicrobial and antioxidant 
activity, and have been used as a painkiller, anti-anxiety, 
antispasmodic, anti-inflammatory, and anti-gastrointesti-
nal agent (Rehmat et al. 2020). With the rise in the global 
demand for medicinal plants, there is an urgent need to 
increase their cultivation and production. The increas-
ing demand for medicinal plants, especially chamomile, 
necessitates deeper knowledge to adopt drought-resistant 
varieties. In addition to water management, the selection 
of the right genotype can also contribute to preventing 
water-deficit stress damages and promoting the sustain-
able use of water resources. Concerning medicinal plants, 
although water-deficit stress increases the synthesis of 
secondary metabolites, it can decline the growth of the 
plant, particularly its vegetative and reproductive organs 
(biomass) which generally contain medicinal compounds 
(Selmar et  al. 2017). It also reduces the nutrient uptake 
of chamomile (Salehi et al. 2016), which plays a vital role 
in its total dry weight and essential oil content (Andrze-
jewska and Woropaj-Janczak 2014). Under water-deficit 
stress, lipids, proteins, and nucleic acids are damaged due 
to the rise in the content of reactive oxygen species (ROS) 
(Uzilday et  al. 2012). Plants exploit effective systems, 
such as antioxidants enzymes catalase (CAT ), superoxide 
dismutase (SOD), and ascorbate peroxidase (APX) along 
with osmolytes, such as soluble sugars to combat toxic 
ROSs and reduce their consequent damages (Al-Arjani 
et al. 2020).

As one of the commercial varieties of chamomile tetra-
ploid, Bodgold (Bod) has shown a favorable performance 
in terms of total dry weight and essential oil among the 
other types of diploid and tetraploid chamomile (Banat-
ska (2x), Lutea (4x), Zloty Lan (4x), and Goral (4x)) 
(Tsivelika et al. 2018). Soroksári (Sor) is another impor-
tant diploid variety of chamomile with a desirable essen-
tial oil content compared to Lutea, Goral (tetraploid), 
and Bona (diploid) varieties, according to Gosztola et al. 
(2010). Heretofore, no comparative studies have explored 
the activity of antioxidant enzymes, absorption of nutri-
ents, and dry weight of these varieties under stress con-
ditions. Nonetheless, a study reported an increase in 

proline and antioxidant activity of the Bod variety under 
water-deficit stress (Benabdellah et al. 2011). Arbuscular 
mycorrhizal (AM) fungi coexist with the roots of most 
plants and have exhibited a great potential for counter-
acting environmental stresses since they can increase the 
availability of plants to a larger volume of the rhizosphere 
and also improve water and nutrient uptake (Zhang et al. 
2018) via morphological changes of root volume and 
their hyphae (Hameed et  al. 2014). Additionally, these 
fungi enhance the nutrient uptake by increasing the syn-
thesis of the compounds and enzymes involved in the 
absorption process, such as phosphatase (Hu et al. 2013). 
However, there is a strong body of evidence on drought 
stress alleviation by AM in different crops (Begum et al. 
2019).

Improving the nutrient and water absorption by AM 
promotes plant growth and reduces the adverse effects 
of water-deficit stress caused by PEG (Benabdellah et al. 
2011; Wu et al. 2013). The beneficial effects of AM have 
been reported in several Asteracea families under water-
deficit stress; for instance, under water-deficit stress 
condition, AM improves the absorption of macro and 
micro-nutriments and increases the total dry weight of 
plants from the Asteracea family, including Echinacea 
angustifolia (Attarzadeh et al. 2019), German chamomile 
(Benabdellah et  al. 2011), Helianthus annuus (Gholam-
hoseini et  al. 2013), Marigold (Asrar and Elhindi 2011), 
Safflower (Abbaspour 2010), and Scabious (Knautia 
arvensis) (Doubková et al. 2013). AM also improves the 
growth and yield in Echinacea angustifolia by increasing 
the defensive level of antioxidants (catalase and peroxi-
dase) and osmolyte (proline) enzymes (Attarzadeh et al. 
2019).

Therefore, the present study aimed to evaluate the 
effect of Funneliformis mosseae on reducing the impact 
of osmotic stress of the two most important German 
chamomile varieties to determine the more resistant 
one, according to their physiological traits and nutri-
ent uptake. Deciphering the AM-mediated mechanisms 
in the plants’ protection responses and metabolic path-
ways under unfavorable conditions is required to gain 
insight into their potential. Furthermore, it will shed light 
on new approaches to exploiting AM as a bioprotective 
tool against osmotic stresses in sustainability and food 
security.

Materials and methods
Experimental design
A pot experiment was performed in the facto-
rial arrangement within a completely randomized 
design with four replications in the research green-
house of the Faculty of Agriculture at Yasouj Uni-
versity. The greenhouse temperature was 25 ± 2  °C. 
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A soilless cultivation system with perlite, as inert 
substrate, was developed to study the effect of dif-
ferent osmotic stresses on chamomile plants colo-
nized with the AM Funneliformis mosseae. The PEG 
treatment (osmotic stresses) was applied along with 
Hoagland solution at three osmotic stresses (control, 
−  0.4, and −  0.8  MPa). Distilled water was used as 
the control treatment with Hoagland solution. Dif-
ferent levels of osmotic stress were prepared utiliz-
ing polyethylene glycol 6000 (PEG) via the formula 
proposed by Michel and Kaufman (1973) and applied 
in nutrient solutions. The second studied factor was 
the use of arbuscular mycorrhiza (AM) fertilizer (F. 
mosseae species (Zist Fanavar Sabz Company, Iran) 
(fungal and non-fungal)), which was initially inocu-
lated in the culture medium. In mycorrhizal plants, 
each pot of mycorrhizal treatment received 40  g of 
AM inoculant (containing spore numbers of 120   g−1 
substrate) at a depth of 5  cm and incorporated well 
within the cultivation bed before transplanting. Two 
German chamomile varieties (Bodgold (Bod) and 
Soroksari (Sor)) were considered. The Bod vari-
ety seeds were purchased from Isfahan Agricultural 
and Natural Resources Research Center and the Sor 
variety was supplied by the Yasouj Zardband Com-
pany. The seeds of both varieties were sterilized with 
sodium hypochlorite solution (1%) for 3  min and 
then washed several times in distilled water. To pro-
duce seedlings, the seeds were first transplanted in 
a bed of peat moss and cocopeat (1: 2) in a 72-cell 
(30 cc) seedling tray. At the 4–6-leaf stage, they were 
transferred to plastic pots with a height of 25  cm 
and a diameter of 18 cm (6 seedlings per pot), filled 
with sterilized perlite (sterilized with autoclave 
(105  °C for 30  min)). After transferring the plants 
to the pot, the plants were pre-cultured with 1/4 
Hoagland’s nutrient solution, which contained phos-
phorus: 7.75 mg  L−1 for 4 weeks to adapt- and estab-
lish the seedlings to the new condition. During the 
osmotic stress phase, the modified Hoagland’s nutri-
ent solution was used in this protocol, which con-
tained phosphorus: 31  mg  L−1, 5  mM  KNO3, 5  mM 
Ca(NO3)2, 1 mM  NH4H2PO4, 2 mM  MgSO4, 0.4 mM 
 H3BO3, 0.08  mM  MnCl2, 1.8  μM  ZnSO4, 0.1  μM 
(NH4)6  Na2MoO4, 3  μM  CuSO4, and 0.1  mM  FeSO4 
(Hoagland and Arnon 1950).

The osmotic stress treatments started 4  weeks 
after transplanting, and osmotic stress was gradually 
applied and maintained for 4  weeks. The pH of the 
solutions was adjusted to 5.8 ± 0.1 prior to each irriga-
tion. It should be noted that all the seed-starting con-
tainers, pots, and seedling beds were decontaminated 

with a greenhouse autoclave, and distilled water was 
used to make all the nutrient solutions.

Sampling to measure dry weight, physiological, 
and nutrients traits
28 days following osmotic stress, two plants per pot were 
harvested and pooled as one replicate (four replicates for 
each treatment), and young upper leaves were sampled 
to measure the physiological traits. The samples were 
transferred to the laboratory after being placed in a liquid 
nitrogen container, where they were stored at − 40 °C. To 
measure the traits associated with the dried sample, four 
plants were harvested from each pot, pooled as one repli-
cate, and dried at 70 °C for 48 h.

Mycorrhizal determinations
The plants were harvested 56  days following inocula-
tion, and the percentage of mycorrhizal root colonization 
was estimated by visual observation of fungal coloniza-
tion after clearing the washed roots with distilled water 
and cutting them into segments with a length of 1  cm. 
Approximately 100 root segments were randomly chosen 
and cleared in 10% KOH, after which they were placed in 
a water bath at 90 °C for 30 min and stained with 0.05% 
Trypan blue in acetic acid (v/v), according to Cao et  al. 
(2013). The rate of mycorrhizal colonization was esti-
mated by Biermann’s and Linderman (1981) method.

Enzyme activity
To prepare the enzymatic extract, 3  ml of extraction 
buffer (100 mM potassium phosphate at pH = 7.8, 0.1 M 
EDTA, and 0.1 M PVP) was homogenized with 0.1 g of 
leaf sample using a mortar in an ice bath. The obtained 
homogeneous samples were centrifuged for 30  min 
(14,000  rpm at 4  °C) and the supernatant was used to 
measure the enzymes activity. Catalase (CAT) activ-
ity was evaluated by monitoring the reduction in the 
absorption of hydrogen peroxide in the reaction mixture 
at 240  nm employing a spectrophotometer (Aebi 1984). 
Peroxidase (POD) activity was also assessed according 
to the absorption of the reaction mixture (enzymatic 
extract, potassium phosphate buffer, guaiacol, along with 
30%  H2O2) at 470 nm (Zhou and Leu 1999). Polyphenol 
oxidase (PPO) activity was measured based on the inten-
sity of the orange color of methyl catechol at a wave-
length of 420 nm produced in the reaction mixture (Kahn 
1975). The CAT, POD, and PPO activity of the extract 
was expressed as enzyme unit  mg−1 protein  min−1. One 
unit of enzyme activity is defined as the amount required 
to decompose µl mol of the substrate within one min.
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Determination of proline content
To determine the amount of proline in the shoot, 0.1 g of 
fresh tissues were homogenized with 10 ml of 3% aque-
ous sulfosalicylic acid followed by centrifugation. We 
blended 2 ml of the supernatant with acid ninhydrin and 
glacial acetic acid (2 ml of each). The mixture was kept in 
a water bath for 1 h at 100 °C. Subsequently, the reaction 
mixture was extracted with toluene (4 ml), whose absorb-
ance was determined at 520 nm after cooling down to the 
room temperature (Paquin and Lechasseur 1979).

Determination of the total soluble sugar
The total soluble sugar was determined via the method 
specified by Irigoyen et  al. (1992). Fresh leaves (0.1  g) 
were added to 5 ml of 80% ethanol in a water bath and 
heated for 1 h at 80  °C. Afterwards, 1 ml of the sample 
extract was taken to another set of test tubes and mixed 
with 1  ml each of 18% phenol and  distilled water. They 
were then remained at the room temperature for an 
hour. Finally, 5  ml of sulfuric acid was added and the 
whole mixture was vortexed. The absorbance  was read 
at 490  nm with a UV spectrophotometer. Ethanol 80% 
was used as a blank sample. Absorbance was recorded at 
625 nm utilizing a spectrophotometer.

Measurement of nutrients
The extract for measuring the nutrients was prepared 
based on digestion via the  H2SO4-salicylic acid-H2O 
method. This extract was employed to measure the con-
centrations of nitrogen (N) (Novozamsky et  al. 1974), 
manganese (Mn) (Atomic Absorption), potassium (K) 
(Film Photometer) (Knudsen et  al. 1982), and phospho-
rus (P) (Røtset 1985). To measure iron (Fe), zinc (Zn), 
and copper (Cu), the samples were placed at 500  °C for 
4 h, and 5 ml of two normal hydrochloric acids (2n) was 
added to them. The samples were then placed on a heater. 
The concentration of Fe, Zn, and Cu in the shoot and the 
roots of the plant was determined through the atomic 
absorption (Chapman and Pratt 1961).

Statistical analysis
All the analytic determinations were carried out in quad-
ruplicate. The main effects of the interaction among the 
experimental factors were determined via the analysis of 
variance (ANOVA) using a general linear model. Subse-
quently, the means were separated with a least signifi-
cant difference (LSD) test with P < 0.05 utilizing the SAS 
software 9.1 (SAS Institute, Cary, NC, United States); the 
graphs were drawn with Excel 2013 software. The com-
parison of the means was performed using the LSD at 
a P-value of 5%. In case of a significant interaction, the 
LS means procedure was used to compare the interac-
tions. When an F-test indicated statistical significance 

at P < 0.05, the protected least significant difference was 
used to separate the means of the main effect, and the 
significant interactions were separated applying the slic-
ing method. Once the interactions were not significant, 
we only discussed the main effects. In case the main 
effects and the two-way and the three-way interaction 
effects of the traits were significant, we only discussed the 
three-way interaction effects or when the main effects, or 
two-way interaction traits were significant, we only dis-
cussed the two-way interaction effects. Pearson correla-
tion analysis was carried out by the XLSTAT (Addinsoft, 
Paris, France) program.

Results
Root colonization
At the end of the experiment, no AM colonization was 
found in the roots of the non-inoculated chamomile 
varieties of the seedlings. Colonization assay results, 
represented in Fig.  1, showed that the plant roots were 
significantly colonized by AMF as compared to those 
of the un-inoculated control treatments under osmotic 
stress. In the stained root segments, the root mycorrhi-
zas had clearly visible intraradical arbuscules, vesicles, 
and internal hyphae (Fig.  1). Osmotic stress reduced 
the mycorrhizal colonization in both varieties. The rate 
of root colonization was similar between the two varie-
ties. Moreover, colonization in the control treatment 
was about 9% higher than the -0.4 MPa while its rate did 
not significantly differ between the − 0.4 and − 0.8 MPa 
treatments (Fig. 1).

Concentration of macro‑nutrients (N, P, and K) in roots 
and shoots
The three-way interaction between different levels of 
osmotic stress, mycorrhiza, and variety was signifi-
cant on the nitrogen (N) and phosphorus (P) concen-
trations of the shoots (Table  1). However, the P and N 
concentrations of the roots and the potassium (K) level 
of the shoots and roots were evaluated based on their 
significance at 5% level as interaction and main effects 
(Table 1). Osmotic stress reduced N accumulation in the 
shoots. High levels of osmotic stress (−  0.8  MPa) sig-
nificantly declined the uptake of these nutrients in the 
Bodgold (Bod) variety. Regardless of AM application, 
the N concentration of the shoots of the Soroksári (Sor) 
variety was much higher than that of the Bod variety. 
Nonetheless, the difference became more evident under 
osmotic stress; accordingly, the N concentrations of the 
shoots of Bod were 4% lower than those of the Sor vari-
ety for AM + treatment under normal conditions. Under 
stress at osmotic stresses of − 0.4 and − 0.8 MPa, AM-
inoculated roots this value reached 13 and 35%, respec-
tively (Fig.  2). The osmotic stress also reduced the N 
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concentration of the roots, but AM partially increased 
the concentration of this uptake of the nutrient in the 
roots under both stress and control conditions. Addition-
ally, the N concentrations of the roots of both varieties 
were almost the same. However, the effect of AM on the 
increase in the concentration of this nutrient was higher 
in Sor as compared with that in the Bod variety (Table 2). 
AM reduced the adverse effects on the P concentration of 
the shoots. At the osmotic stress of − 0.4 and − 0.8 MPa, 
the impact of AM on the amount of P in the shoots was 
stronger than that in the Bod variety. In the AM + treat-
ment, the P concentration in the shoots of the Bod vari-
ety was 20.5 and 27.5% higher at stress levels of −  0.4 
and −  0.8  MPa, respectively. In case of the Sor variety, 
this parameter was 12 and 10% higher compared to the 
AM- treatment. In general, the P level of the shoot of 
the Bod in the Sor variety was lower than that in the Sor 
variety; thus, the highest P concentration of the Sor vari-
ety shoots was observed upon AM inoculation (Fig.  2). 
The P concentration of the roots also decreased with the 
reduced amount of osmotic stress. The P amount of the 
roots was higher in the Sor variety. With the increase in 
stress, the mentioned difference declined as the P con-
centration of the Sor roots was 25% under the control 
condition, which decremented to 11 and 3% at osmotic 
stresses of −  0.4 and −  0.8 MPa, respectively (Table 2). 
According to Table  2, AM caused a 12% enhancement 
in the P concentration of the roots. Osmotic stress 
increased the K level of the shoots and roots. Under 
non-stress conditions, the K concentration of the shoots 
of the Sor variety was 10% higher than that of the Bod 

variety. With the rise in the osmotic stress, the difference 
narrowed and the K concentration of the shoots were not 
therefore significantly different between the two varie-
ties at the osmotic stress of -0.8 MPa. According to the 
mean comparison of the main effects of the treatments 
(Table 2), AM generally increased the K concentration of 
the shoots in the chamomile by 9%. Both osmotic stress 
and AM treatments enhanced the K concentration of the 
roots whereas the Sor variety exhibited higher root K 
concentration. As already stated, AM increased the root 
K concentration. Under stress conditions, this increase 
was more profound; therefore, the potassium concentra-
tions of the AM-inoculated roots were respectively 17, 
25, and 19% higher than those in the non- AM- treatment 
under normal (control) and osmotic stress of − 0.4 and 
− 0.8 MPa (Table 2).

Concentration of micronutrients (Fe, Zn, Mn, and Cu) 
in roots and shoot
The three-way interaction between different osmotic 
stress levels, AM, and varieties was significant only 
on the iron (Fe) concentration of the shoots (Table 1). 
However, the comparisons between Fe, zinc (Zn), cop-
per (Cu), and manganese (Mn) concentrations of the 
roots and other micro-elements in the shoots were 
evaluated based on the significance level of 5% for 
the main effects and the two-way interaction effects 
(Table 3). Osmotic stress reduced the Fe concentration 
of the shoots in both varieties; however, AM signifi-
cantly increased the amount of this nutrient at all the 
levels. In comparison with AM-, AM + enhanced the 
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Fe concentration of the shoots of the Bod variety by 12, 
12.5, and 44% under osmotic stresses of 0, −  0.4, and 
−  0.8  MPa, respectively. Moreover, the Fe concentra-
tion of Sor correspondingly increased by 5, 22, and 29% 
(Fig.  2). AM also incremented the accumulation of Fe 
in the roots of these plants under stress conditions. On 

the other hand, the Fe concentrations of the roots of 
the two studied varieties were not significantly different 
under normal conditions. The reduction in the osmotic 
stresses declined the Fe concentration of the roots in 
both varieties; nonetheless, its effect was more signifi-
cant on the Bod variety (Table 3).
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Table 2 Interaction effect of osmotic stress with variety, osmotic stress with arbuscular mycorrhiza, arbuscular mycorrhiza with variety 
and main effect of arbuscular mycorrhiza on macro nutrients uptake of shoot and root of chamomile

Water-deficit stress at three osmotic stresses (control, − 0.4, and − 0.8 MPa). Plants inoculated (AM +) or not inoculated (AM−) with the arbuscular mycorrhiza fungus 
F. mosseae, two German chamomile varieties (Bodgold (Bod) and Soroksari (Sor)). Means followed by common letter are not significantly different at the level of 5% 
(LSD test)

Treatments Shoot concentration Root concentration

K (mg  g−1 DW) N (mg  g−1 DW) P (mg  g−1 DW) K (mg  g−1 DW)

Two-way interactions O × Var Control Bod 36.5e 10.7b 9.7e 18.6f

PEG-0.4 Bod 51.8c 8.6c 13.2c 30.1d

PEG-0.8 Bod 58a 4.5e 16.5a 43.7b

Control Sor 41d 11.3a 12.2d 24.33e

PEG-0.4 Sor 54b 8.7c 14.7b 38.4c

PEG-0.8 Sor 57.8a 4.9d 17a 53.7a

O × AM Control Am + 40.8d 11.9a 11.5e 23.1e

PEG-0.4 Am + 55.0b 10.1b 14.9c 38.1c

PEG-0.8 Am + 60.0a 5.2d 17.6a 53.0a

Control Am− 36.7e 10.2b 10.5f 19.8f

PEG-0.4 Am− 50.8c 7.2c 13.1d 30.5d

PEG-0.8 Am− 55.7b 4.1e 15.8b 44.4b

AM × Var Am + Bod 51.1b 8.8b 13.8b 33.4c

Am- Bod 46.4d 7.1c 12.5c 28.2d

Am + Sor 52.7a 9.3a 15.5a 42.7a

Am− Sor 49.1c 7.2c 13.8b 34.9b

Main effects AM Am + 51.9a 9.0a 14.7a 38.1a

Am− 47.8b 7.2b 13.1b 31.6b
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Osmotic stress reduced the Cu concentration of the 
shoots (Table  3). Under normal conditions, there were 
no significant differences between the Mn concentrations 
of the shoots of the two varieties. The shoots of the Bod 
variety showed a decline in Mn at − 0.4 and − 0.8 MPa 
compared to those in the control. The reduction in this 
nutrient was observed in the shoot of the Sor variety 
only at the le−  0.8  MPa. The Mn and Cu levels of the 
shoots in both varieties did not significantly differ, but 
AM increased the concentration of both nutrients with 
a higher rate of increase in the shoot of the Sor variety. 
Osmotic stress reduced Mn and Cu concentrations of the 
root. Under both stress and normal conditions, the level 
of these nutrients was higher in Sor root (Table 3). AM 
also increased the Zn level of the shoot under osmotic 
stress conditions. The Zn concentration of the shoots 
was higher at osmotic stresses of −  0.4 and −  0.8  MPa 
as compared with that in the control condition. Regard-
ing the root, a reverse trend was observed, and under 
osmotic stress, the root concentration of these nutrients 
was less than that in the controls. In addition, the Zn 
level of the shoot was higher in the Sor variety under all 
conditions; however, this was significant in normal and 
osmotic stress of −  0.4  MPa (Table  3). AM inoculation 
increased the Zn concentration of chamomile by 16% 
(Table 3). There were no significant differences between 
the Mn concentrations of the shoots of the two varie-
ties under normal conditions. A decrease was, however, 
observed in the Mn level of the Bod at all the stress lev-
els. Nonetheless, the decrease in Mn concentration of 
the shoot of Sor was observed only at the stress level of 
-0.8  MPa. AM enhanced the Mn and Cu levels of the 
shoots of the Sor and Bod varieties although their dif-
ference was not significant. Osmotic stress reduced Mn 
and Cu concentrations of the root, but the level of these 
nutrients was higher in Sor roots than that in Bod under 
the stress and control conditions. AM also increased the 

Zn concentration of the shoot under osmotic stress con-
ditions. The results revealed that the Zn amount of the 
shoot was higher than that of the controls at osmotic 
stresses of − 0.4 and − 0.8 MPa. Concerning the root, the 
trend was the opposite as the amount of these nutrients 
in the root was lower than that in the controls. Further-
more, the Zn concentration of Sor shoot was higher than 
that of Bod under all the conditions, which was signifi-
cant under normal and osmotic stresses of -0.4 MPa.

Osmolytes
According to the results (Table  4), the three-way inter-
action of variety, osmotic stress and AM significantly 
affected the proline level whereas the amount of the total 
soluble sugar was affected by the interaction of osmotic 
stress × variety and osmotic stress × AM. The osmotic 
stress generated by PEG increased the levels of proline 
and total soluble sugar in both varieties. The highest 
level of these osmolytes belonged to the osmotic stress 
of −  0.8  MPa. The proline level of Sor was higher than 
that of Bod variety in all the treatments. Additionally, 
under stress and non-stress conditions, the total soluble 
sugar content of Sor was more than that of Bod. Under 
stress conditions, AM increased the amount of proline 
in both varieties; however, its effect on the increase in 
the osmolyte was more evident in the Bod variety. An 
increase was also observed in the amount of the total 
soluble sugar of the AM-inoculated samples at different 
osmotic stresses (Fig. 3).

The activity of antioxidant enzymes
The three-way interaction of the osmotic stress, AM, and 
variety was significant on the levels of POD, PPO, and 
CAT enzymes (Table  4). Osmotic stress increased the 
activity of all the three enzymes compared to the non-
stress conditions. Under stress conditions, the activities 
of CAT and PPO were higher in Sor as compared with 

Table 4 Analysis of variance of osmotic stress, arbuscular mycorrhiza and variety and their interactions effects on osmolytes, activity of 
antioxidant enzymes (catalase (CAT), peroxidase (POD), polyphenol oxidase (PPO)), and shoot and root dry weights

O Osmotic stress, Var Varieties, AM Arbuscular mycorrhizal inoculation, ns non-significance at P ≤ 0.05; *P ≤ 0.05; **P ≤ 0.01, statistical significance

Source of variation df Proline Total soluble sugar CAT POD PPO Shoot dry weight Root dry weight

O 2 136.50** 36248.390** 3864.92** 2.62** 217.80** 1.09** 0.002**

AM 1 16.54** 2693.25** 281.51** 0.13** 36.63** 0.083** 0.008**

Var 1 30.56** 753.58** 210.45** 0.34** 33.87** 0.015** 0.00086**

O × AM 2 1.12** 419.88** 26.07** 0.009** 4.40** 0.017** 0.00083**

O × Var 2 0.04** 79.14** 43.14** 0.00** 6.19** 0.148** 0.0001**

AM × Var 1 0.44** 6.87ns 2.59ns 0.01** 1.35** 0.0068** 0.0003**

O × AM × Var 2 0.43** 17.17ns 8.18** 0.013** 0.9** 0.0058** 0.00009ns

Error 36 0.006 7.40 0.832 0.0003 0.126 0.0001 0.00003

CV% 1.32 2.92 4.41 3.46 5.08 2.25 5.88
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those in Bod variety. Under stress conditions, the activ-
ity of the POD enzyme in the Sor variety was higher. 
AM also enhanced CAT and POD under the control 
conditions as well as osmotic stress levels of −  0.4 and 
−  0.8  MPa. The uppermost activity of these enzymes 
was observed in both varieties upon AM inoculation 
under the stress potential of -0.8  MPa. For both varie-
ties, the uppermost activity of these enzymes belonged 
to AM inoculation and the stress potential of − 0.8 MPa. 
Although the level of PPO enzyme in the stress condition 
was higher than that in the control, the highest activity 
was observed under osmotic stress conditions (-0.4 MPa) 
in the AM-inoculated plants (Fig. 4).

Dry weight of the roots and shoots
A significant three-way interaction was observed regard-
ing osmotic stress, AM, and variety on the dry weight 
of the roots and the shoots (Table 4). The osmotic stress 
reduced the dry weight of the root and shoot (Fig.  5). 
On the other hand, AM + decremented the adverse 
effect of osmotic stress and increased root dry weight. 
AM + treatment, at all the levels, led to a higher shoot 
and root dry weight as compared with AM- treatment. 
In general, AM improved the dry weight of chamomile 
at different osmotic stress levels. With the decrease the 
osmotic stress, shoot dry weight declined; thus, the high-
est shoot dry weight was obtained in PEG 0, AM + , and 
the Sor variety (Fig. 5).
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The correlation analysis (Fig.  6) showed a strong cor-
relation between different nutrients uptake and the 
dry weight of chamomile. The data under normal and 
osmotic stress conditions with and without AMF coloni-
zation were used for correlation analysis; for example, P 
and N concentrations of the shoot and Mg, Fe, and Cu 

levels of the roots showed a slightly positive and signifi-
cant correlation with shoot dry weight. In chamomile, the 
concentration of each nutrient indicated certain relations 
with the uptake of other nutrients, the majority of which 
were synergistic (positive); for example, a slightly posi-
tive and significant correlation was observed between the 
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Mg, P, N, Cu, and Fe nutrients of the shoot. Moreover, the 
Mg and P concentrations of the root, in addition to being 
highly correlated with each other, showed a positive cor-
relation with other nutrients uptake, such as N, Fe, and 
Cu of the shoots and roots. Even though the effects of the 
nutrients on each other were more synergistic, a signifi-
cant negative correlation was also observed between the 
shoot and root, and between K and N concentrations of 
the shoot.

Discussion
A soilless cultivation system with perlite as substrate 
was developed to study the osmotic stresses in a nutrient 
solution by non-mycorrhized and AM-colonized chamo-
mile varieties plantlets. The system was adequate for 
both chamomile varieties plantlet and its fungal associate 
F. mosseae. The results revealed that AM fungi inocula-
tion with chamomile varieties seedlings could improve 
osmotic stress tolerance of host plants under stress con-
dition, which is a very important piece of information for 
under-drought areas in the world. These findings indi-
cated that to reduce the unfavorable effects of osmotic 
stress on chamomile plant growth, the use of AM inocu-
lation ought to be considered as a biological method to 
alleviate chamomile stress.

The colonization rate of mycorrhizal fungi reflects the 
degree of infection and affinity between AM and the host 
plant. In the present study, under all the osmotic stresses, 
the AM colonization rate was over 57%, indicating a rela-
tively high affinity between the selected AM and cham-
omile varieties. Under the osmotic stresses, however, 
mycorrhizal colonization rate decreased significantly, 
which probably had an impact on the microbial activities, 
and affected the function of AM symbionts to a certain 
extent. This decrease in colonization was due to water 
shortage in the studied pots since environmental factors 
strongly affect colonization. The decrease may also be 
due to the low carbon availability in the host plants under 
drought stress, or because drought stress could have 
inhibited spore germination and hyphal growth in the 
rhizosphere soil (Chen et  al. 2020). Wu and Xia (2006) 
found that drought stress significantly decreased the 
mycorrhiza colonization of Glomus versiforme. They sug-
gested that arid and semiarid environments had adverse 
effects on mycorrhiza fungi development in host plants.

Under water-deficit stress, the uptake of several nutri-
ents declines due to reduced nutrient mass flow and dif-
fusion (Zhao et al. 2020). Our results, in line with those 
of other studies, showed that the osmotic stress caused 
by PEG impairs the uptake of micro and macronutrients 
(Mouradi et  al. 2016). Although AM improved nutrient 
levels and reduced the stress damage by expanding root 
depth and increasing soil access through their hyphae, 

the trends of the uptake, accumulation, and nutrient 
transfer varied in different species of plants and AM 
under different osmotic stress conditions. Several studies 
have indicated improved nutritional status of AM plants 
under the osmotic stress, such as N (Hashem et al. 2019), 
P (Zardak et  al. 2018), K (Zhao et  al. 2015), Cu, Zn, Fe 
(Abbaspour et al. 2012), and Mn (Wu and Zou 2009a, b). 
Since the extra radical mycelium transports water to the 
plant, mineral nutrients are also transported across the 
root-soil interface. Moreover, AM can affect the uptake 
of nutrients by producing different compounds; for 
instance, colonization of the roots by F. mosseae resulted 
in a significant increase in P uptake in the chamomile 
varieties of the plantlets as compared to the AM- plant-
lets. AM increased the amount of P absorbed by plants 
via increasing the activity and production of enzymes, 
such as phosphatase (Hu et al. 2013). One of the mineral 
nutrients that has been most studied in AM is P; that is 
because this nutrient, despite being rapidly absorbed by 
plants, has slow diffusion in the soil solution, which gen-
erates a depletion zone around roots (Bowles et al. 2016). 
When AM are formed, plant P absorption under limit-
ing conditions is improved. It was previously shown that 
AM not only improved P uptake, but also increased the 
 uptake of N and nutrition in the plant through enhanc-
ing the hydraulic conductivity of the root under water-
deficit stress (Gholamhoseini et  al. 2013; Kong et  al. 
2014). Li et  al. (2014) reported that under water stress, 
shoot P concentration decreased while root P concentra-
tion increased. In terms of P nutrition in this study, apart 
from root P concentration of chamomile varieties under 
well-watered conditions, F. mosseae increased P concen-
tration in both varieties, but had a greater influence on 
Bod, specifically under drought conditions. The reason 
behind the increase in P concentration of roots under 
osmotic stress could be close the stomata, reduction in 
transpiration, imbalance of the active transport, and the 
disturbance in distribution; hence, P transfer from the 
root to shoot is reduced (Silva et al. 2009; Li et al. 2014).

Other compounds produced by AM are chelating 
agents, such as siderophores, which can ameliorate the 
uptake of micro-nutrients, like Zn and Fe in the plants 
(Dehghanian et  al. 2018). Although certain studies have 
shown that the increased concentration of P by myc-
orrhiza has a positive effect on the Zn concentration, 
another reason behind the increase in the amount of 
Zn in the roots and shoots of mycorrhizae-inoculated 
plants is the rise in the diffusion-limited process of Zn 
(Lehmann et al. 2014). with the increase in the osmotic 
stress, the pores will close, which reduces transpira-
tion and imbalances the active transport. Therefore, the 
transfer of nutrients reduces from the root to the shoot 
(Silva et  al. 2009) while increasing the K concentration 
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of the shoot by mycorrhizae rises stomatal conductance 
and improves the transport of nutrients from the roots 
to the shoots (Ruiz-Lozano et  al. 1995). In the current 
study, root and shoot concentrations of K were higher 
for AM + than those for AM- seedlings at all the osmotic 
stress levels. It seems as though the improved plant nutri-
tion by AM symbiosis allows cells to regulate and sepa-
rate flowing ions more effectively (Giri et  al. 2007). The 
nutrient imbalance due to osmotic stress is attributed to 
the effects of the stress on nutrient availability, competi-
tive uptake, transport, or partitioning within the plants. 
Accumulation of K in the plant under osmotic stress is 
a survival policy for the plant (Wang et al. 2013). In the 
present work, under osmotic stress, the concentration of 
K increased.

To counteract osmotic stress effects, plants via an 
endogenous defensive mechanism consisting of different 
enzymatic, including POD, CAT and PPO, which is the 
most widely distributed osmolyte in plants (Szabados and 
Savouré 2010). In our experiment, antioxidant enzymes 
increased significantly as a function of osmotic stress, 
when MF colonized the chamomile varieties of the plant-
lets. The increased activity of POD, CAT (Uzilday et  al. 
2012), and PPO (Thipyapong et al. 2004) enzymes under 
stress condition indicated their crucial role in enduring 
osmotic stress. CAT is considered as the most indispen-
sable enzyme for counteracting the hydrogen peroxide 
produced under stress conditions (Khanna-chopra and 
Selote 2007). POD is among the major  H2O2-binding 
enzymes in cytosol and chloroplasts, whose levels also 
rapidly increases under water-deficit stress. Under such 
conditions, an increment was observed in the CAT and 
POD activities in diverse members of the Asteraceae 
family, such as Silybum marianum (Nouraei et al. 2018), 
Carthamus tinctorius L (Chavoushi et  al. 2019), and 
Helianthus annuus L (Ghobadi et al. 2013). In line with 
our results, other studies have also reported that AM 
increased the levels of POD and PPO (Meddich et  al. 
2015; Tyagi et al. 2017) in various plants under osmotic 
stress. One of the reasons of the increase in POD enzyme 
by AM could be the expression of its encoding genes 
when inoculated with AM (Mustafa et al. 2017). CAT is a 
metalloenzyme and its activity thus depends on the avail-
ability of metal nutrients (Armada et  al. 2016); mean-
while, in the present study, AM improved the uptake of 
metal nutrients. However, the effect of mycorrhizal inoc-
ulation on CAT enzyme levels under stress conditions 
was very different and depended on the plant species and 
even the species of mycorrhizal fungi (Wu and Zu 2009a, 
2009b). The increase in CAT activity by F. mosseae (Amiri 
et al. 2015) and other species was previously reported in 
many plants under osmotic stress (Aalipour et  al. 2020; 
Al-Al-Arjani et  al. 2020). Our results showed a higher 

activity of enzymes in AM + plants during osmotic stress 
with respect to non-mycorrhizal plants; that is to say 
that AM fungi induced further effective defense mecha-
nisms to protect the host from the detrimental effects of 
osmotic stress, and suggested a better resistance of colo-
nized plants against osmotic stress.

The most common osmolytes, such as total soluble sug-
ars and proline increased under osmotic stress, play a sig-
nificant role in regulating the osmotic potential of plants 
to prevent the cellular damages caused by oxidative stress 
(Khan et  al. 2015). Proline is an amino acid and can be 
stored in the cytoplasm, which in addition to osmotic 
regulation of the cell, detoxifies ROS, protects membrane 
integrity, and stabilizes proteins/enzymes. It also serves 
as one of the plant’s solutions capable of reducing stress 
damage (Ashraf and Foolad 2007). In the current paper, 
an increased leaf proline level was observed by F. mosseae 
under osmotic stress.

The increase in proline content can be assigned to the 
effect of AM on the increase in the N concentration of 
the plants under water-deficit stress (Augé 2001). High N 
levels in the plants under osmotic stress can significantly 
influence the genes involved in proline biosynthesis, 
which finally increase proline (Monreal et al. 2007; Wang 
et al. 2011). In another study, an increase was reported in 
the total soluble sugar under drought stress conditions, 
which is consistent with our results (Al-Arjani et  al. 
2020). AM increased the level of the total soluble sugar 
in plants as it increased the activity of sucrose-metabo-
lized enzymes, which had a positive and significant rela-
tionship with glucose, fructose, and sucrose contents 
(total soluble sugars) (Wu et  al. 2013). As observed, 
under water-deficit stress, plant growth decreased due 
to reduced osmotic regulation ability, disruption of the 
solute uptake system, disturbance of osmotic balance, 
and excessive energy requirements to produce osmolytes 
(Munns 1993). Based on the findings of this study, a loss 
was observed in the dry weight of the shoots, roots, and 
flowers of chamomile under water-deficit stress (Baghal-
ian et al. 2011). One of the causes of the reduced cham-
omile growth under stress may be the osmoregulation 
imbalance and the disruption in the salt absorption sys-
tem or the high level of energy required for counteracting 
the stress (Salehi et al. 2016).

The beneficial effects of AM symbiosis on plant growth 
parameters and biomass production under drought 
stress conditions using the same system already reported 
for several plant species (Chitarra et al. 2016; Tsai et al. 
2020). In our experiments, under osmotic stress condi-
tions, significantly higher values were detected for AM-
inoculated plants compared with those in the control 
plants in case of root and shoot dry weight of F. mosseae-
colonized plants. An increment was also detected in the 
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dry weight of the shoots, roots, and flowers of chamomile 
(Bączek et al. 2019) on account of the improved absorp-
tion, distribution of nutrients, the increment in proline, 
the total soluble sugars, and antioxidant enzymes by AM, 
which improved growth performance, lowered stress 
damage, enhanced the plant growth, and elevated dry 
weight (Al-Arjani et al. 2020). Chitarra et al. (2016) stated 
that AM mitigates drought stress by altering hormonal 
profiles, thereby affecting the physiology and develop-
ment of the host plant and increasing dry matter.

According to the results, the dry weight of chamo-
mile shoots, roots, and flowers reduced under drought 
stress (Baghalian et al. 2011). Under drought stress, plant 
growth declined due to the reduction in osmotic regula-
tion, osmotic imbalance, and the requirement of exces-
sive energy needed to cope with stress (the production 
of osmolytes and the disruption of the nutrient uptake) 
(Munns 1993). All nutrients play a vital role in plant 
growth; the nutrients (macro and micro) were positively 
correlated with the plant growth (Daur et al. 2011). The 
effects of each nutrient on the uptake of other nutrients 
are quite complex. According to the correlation shown in 
Fig. 6, the synergistic effect among numerous nutrients in 
chamomile reflects the diverse roles of these nutrients in 
the growth, yield, and uptake of other nutrients by cham-
omile; for example, sufficient Mg causes a proportional 
distribution of carbohydrates in the roots and shoots, 
promoting the chamomile root growth (He et  al. 2020). 
In addition, Mg may affect biomass production and plant 
growth through proper distribution of carbohydrates 
and the appropriate allocation of hydrocarbons to dif-
ferent parts of plants (Verbruggen and Hermans 2013) 
or improving plants’ access to N (Haberman et al. 2019) 
and iron (owing to its vital role in photosynthesis) (Dong 
et al. 2019) with an effective role in vegetative growth and 
ultimately, the accumulation of plant dry weight. This 
is consistent with a positive and high correlation in the 
dry weight of chamomile with the mentioned elements. 
According to the results, one of the most important 
causes of the reduced growth of chamomile under stress 
conditions is the disturbed nutrients uptake (Salehi et al. 
2016). The level of nutrients in the plant and the ability 
to uptake these nutrients are important factors in select-
ing the best cultivar under stress. In this regard, the Sor 
cultivar was almost superior to Bod in terms of both fac-
tors. On the other hand, the improved absorption and 
distribution of elements, as well as the increased proline, 
total soluble sugar, and antioxidant enzymes by mycor-
rhiza inoculation enhanced the growth while reducing 
the stress-induced damages (Al-Arjani et al. 2020). In line 
with previous reports (Bączek et  al. 2019), mycorrhiza 
increased the dry weight of shoots, roots, and flowers of 
chamomile.

Conclusions
Osmotic stress increased the levels of the total soluble 
sugar, proline, and the activity of antioxidant enzymes 
(CAT, POD, and PPO) in both chamomile varieties. The 
amount of these enzymes and osmolytes was higher in 
the Soroksári variety as compared with that in the Bodgol 
variety. Osmotic stress also reduced the uptake and trans-
port of several nutrients from the roots to the shoots, 
which resulted in the decreased concentration of certain 
nutrients, such as N, P, Fe, and Mn, in the shoots of both 
varieties. Such reduction in the nutrients in the plants 
declined the dry weight of the plants under osmotic 
stress; however, the dry weight of the shoots was higher 
in the Soroksári variety under the control treatment and 
osmotic potential of − 0.4 MPa as compared with that in 
the Bodgol variety. AM + reduced the negative effects of 
osmotic stress on the plants through increasing the nutri-
ent uptake, osmolyte contents, and activity of antioxidant 
enzymes.

Abbreviations
AM: Arbuscular mycorrhiza; Bod: Bodgold; Sor: Soroksári; PEG: Polyethylene 
glycol; N: Nitrogen; P: Phosphorus; K: Potassium; Fe: Iron; Zn: Zinc; Cu: Copper; 
Mn: Manganese; CAT : Catalase; SOD: Superoxide dismutase; APX: Ascorbate 
peroxidase; ROS: Reactive oxygen species; AM + : Plants inoculated with the 
arbuscular mycorrhiza fungus; AM−: Not inoculated with the arbuscular 
mycorrhiza fungus; DW: Dry weight; O: Osmotic stress; Var: Varieties; PPO: 
Polyphenol oxidase.

Acknowledgements
The authors are very grateful to Yasouj University, Iran for funded this study.

Funding
Yasouj University.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors acknowledge that there was no conflict of interest in performing 
this study or analyzing its results.

Author details
1 Department of Agronomy and Plant Breeding, Faculty of Agriculture, Yasouj 
University, Yasouj, Iran. 2 Department of Agronomy, Faculty of Agriculture, 
Azarbaijan Shahid Madani University, Tabriz, Iran. 

Received: 19 August 2021   Accepted: 22 November 2021



Page 15 of 17Ebrahimi et al. Botanical Studies           (2021) 62:22  

References
Aalipour H, Nikbakht A, Etemadi N, Rejali F, Soleimani M (2020) Biochemical 

response and interactions between arbuscular mycorrhizal fungi and 
plant growth promoting rhizobacteria during establishment and stimu-
lating growth of Arizona cypress (Cupressus arizonica G.) under drought 
stress. Sci Horticult. https:// doi. org/ 10. 1016/j. scien ta. 2019. 108923

Abbaspour H (2010) Investigation of the effects of vesicular arbuscular mycor-
rhiza on mineral nutrition and growth of Carthamus tinctorius under salt 
stress conditions. Russ J Plant Physiol 57(4):526–531. https:// doi. org/ 10. 
1016/j. jplph. 2012. 01. 014

Abbaspour H, Saeidi-Sa S, Afshari H, Abdel-Wahhab M (2012) Tolerance of 
mycorrhiza infected pistachio (Pistacia vera L.) seedling to drought stress 
under glasshouse conditions. J Plant Physiol 169(7):704–709. https:// doi. 
org/ 10. 1016/j. jplph. 2012. 01. 014

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121–126. https:// doi. 
org/ 10. 1016/ S0076- 6879(84) 05016-3

Ahanger MA, Tomar NS, Tittal M, Argal S, Agarwal RM (2017) Plant growth 
under water/salt stress: ROS production; antioxidants and significance 
of added potassium under such conditions. Physiol Mol Biol Plants 
23(4):731–744. https:// doi. org/ 10. 1007/ s12298- 017- 0462-7

Al-Arjani ABF, Hashem A, Abd Allah EF (2020) Arbuscular mycorrhizal fungi 
modulates dynamics tolerance expression to mitigate drought stress in 
Ephedra foliata Boiss. Saudi J Biol Sci 27(1):380–394. https:// doi. org/ 10. 
1016/j. sjbs. 2019. 10. 008

Amiri R, Nikbakht A, Etemadi N (2015) Alleviation of drought stress on rose 
geranium [Pelargonium graveolens (L.) Herit.] in terms of antioxidant 
activity and secondary metabolites by mycorrhizal inoculation. Sci Hortic 
197:373–380. https:// doi. org/ 10. 1016/j. scien ta. 2015. 09. 062

Andrzejewska J, Woropaj-Janczak M (2014) German chamomile performance 
after stubble catch crops and response to nitrogen fertilization. Ind Crops 
Prod 62:350–358. https:// doi. org/ 10. 1016/j. indcr op. 2014. 09. 004

Armada E, Probanza A, Roldán A, Azcón R (2016) Native plant growth promot-
ing bacteria Bacillus thuringiensis and mixed or individual mycorrhizal 
species improved drought tolerance and oxidative metabolism in 
Lavandula dentata plants. J Plant Physiol 192:1–12. https:// doi. org/ 10. 
1016/j. jplph. 2015. 11. 007

Ashraf M, Foolad MR (2007) Roles of glycine betaine and proline in improving 
plant abiotic stress resistance. Environ Exp Bot 59(2):206–216. https:// doi. 
org/ 10. 1016/j. envex pbot. 2005. 12. 006

Asrar AWA, Elhindi KM (2011) Alleviation of drought stress of marigold (Tagetes 
erecta) plants by using arbuscular mycorrhizal fungi. Saudi J Biol Sci 
18(1):93–98. https:// doi. org/ 10. 1016/j. sjbs. 2010. 06. 007

Attarzade M, Balouchi H, Rajaie M, Dehnavi MM, Salehi A (2019) Growth and 
nutrient content of Echinacea purpurea as affected by the combination 
of phosphorus with arbuscular mycorrhizal fungus and Pseudomonas 
florescent bacterium under different irrigation regimes. J Environ Manage 
231:182–188. https:// doi. org/ 10. 1016/j. jenvm an. 2018. 10. 040

Attarzadeh M, Balouchi H, Rajaie M, Dehnavi MM, Salehi A (2019) Improve-
ment of Echinacea purpurea performance by integration of phosphorus 
with soil microorganisms under different irrigation regimes. Agric Water 
Manag 221:238–247. https:// doi. org/ 10. 1016/j. agwat. 2019. 04. 022

Augé RM (2001) Water relations, drought and vesicular-arbuscular mycorrhizal 
symbiosis. Mycorrhiza 11(1):3–42

Bączek KB, Wiśniewska M, Przybył JL, Kosakowska O, Węglarz Z (2019) Arbus-
cular mycorrhizal fungi in chamomile (Matricaria recutita L.) organic 
cultivation. Industrial Crops Products. https:// doi. org/ 10. 1016/j. indcr op. 
2019. 111562

Baghalian K, Abdoshah S, Khalighi-Sigaroodi F, Paknejad F (2011) Physiological 
and phytochemical response to drought stress of German chamomile 
(Matricaria recutita L). Plant Physiol Biochem 49(2):201–207. https:// doi. 
org/ 10. 1016/j. plaphy. 2010. 11. 010

Begum N, Qin C, Ahanger MA, Raza S, Khan MI, Ashraf M, Ahmed N, Zhang L 
(2019) Role of arbuscular mycorrhizal fungi in plant growth regulation: 
implications in abiotic stress tolerance. Front Plant Sci 10:1068. https:// 
doi. org/ 10. 3389/ fpls. 2019. 01068

Benabdellah K, Abbas Y, Abourouh M, Aroca R, Azcón R (2011) Influence of two 
bacterial isolates from degraded and non-degraded soils and arbuscular 
mycorrhizae fungi isolated from semi-arid zone on the growth of Trifo-
lium repens under drought conditions: Mechanisms related to bacterial 
effectiveness. Eur J Soil Biol 47(5):303–309. https:// doi. org/ 10. 1016/j. 
ejsobi. 2011. 07. 004

Biermann B, Linderman RG (1981) Quantifying vesicular-arbuscular myc-
orrhizae: a proposed method towards standardization. New Phytol 
87(1):63–67. https:// doi. org/ 10. 1111/j. 1469- 8137. 1981. tb016 90.x

Bowles TM, Felipe H, Barrios-Masias FH, Carlisle EA, Cavagnaro TR, Jackson LE 
(2016) Effects of arbuscular mycorrhizae on tomato yield, nutrient uptake, 
water relations, and soil carbon dynamics under deficit irrigation in field 
conditions. Sci Total Environ 566–567:1223–1234

Cao MQ, Wu QS, Zou YN (2013) An improved ink-acetic acid technique for 
staining arbuscular mycorrhizas of citrus. Int J Agric Biol 15(2):386–388

Chapman H, Prat P (1961) Methods of analysis for soil plant and water, USA: 
Division of Agriculture Science. University of California, Riverside, p 1188

Chavoushi M, Najafi F, Salimi A, Angaji S (2019) Improvement in drought 
stress tolerance of safflower during vegetative growth by exogenous 
application of salicylic acid and sodium nitroprusside. Ind Crops Prod 
134:168–176. https:// doi. org/ 10. 1016/j. indcr op. 2019. 03. 071

Chen W, Meng P, Feng H, Wang C (2020) Effects of arbuscular mycorrhizal 
fungi on growth and physiological performance of Catalpa bungei CA 
Mey. under drought stress. Forests 11(10):1117. https:// doi. org/ 10. 3390/ 
f1110 1117

Chitarra W, Pagliarani C, Maserti B, Lumini E, Siciliano I, Cascone P, Schubert 
A, Gambino G, Balestrini R, Guerrieri E (2016) Insights on the impact of 
arbuscular mycorrhizal symbiosis on tomato tolerance to water stress. 
Plant Physiol 171(2):1009–1023. https:// doi. org/ 10. 1104/ pp. 16. 00307

Daur I, Sepetoğlu H, Sindel B (2011) Dynamics of faba bean growth and nutri-
ent uptake and their correlation with grain yield. J Plant Nutr 34(9):1360–
1371. https:// doi. org/ 10. 1080/ 01904 167. 2011. 580878

Dehghanian H, Halajnia A, Lakzian A, Astaraei AR (2018) The effect of earth-
worm and arbuscular mycorrhizal fungi on availability and chemical dis-
tribution of Zn, Fe and Mn in a calcareous soil. Appl Soil Ecol 130:98–103. 
https:// doi. org/ 10. 1016/j. apsoil. 2018. 06. 002

Dong Y, Wan Y, Liu F, Zhuge Y (2019) Effects of exogenous SA supplied with 
different approaches on growth, chlorophyll content and antioxidant 
enzymes of peanut growing on calcareous soil. J Plant Nutr 42(16):1869–
1883. https:// doi. org/ 10. 1080/ 01904 167. 2019. 16486 79

Doubková P, Vlasáková E, Sudová R (2013) Arbuscular mycorrhizal symbiosis 
alleviates drought stress imposed on Knautia arvensis plants in serpen-
tine soil. Plant Soil 370(1):149–161

Ekor M (2014) The growing use of herbal medicines: issues relating to adverse 
reactions and challenges in monitoring safety. Front Pharmacol 4:177. 
https:// doi. org/ 10. 3389/ fphar. 2013. 00177

Ghobadi M, Taherabadi S, Ghobadi ME, Mohammadi GR, Jalali-Honarmand 
S (2013) Antioxidant capacity, photosynthetic characteristics and water 
relations of sunflower (Helianthus annuus L.) cultivars in response to 
drought stress. Ind Crops Prod 50:29–38. https:// doi. org/ 10. 1016/j. indcr 
op. 2013. 07. 009

Gholamhoseini M, Ghalavand A, Dolatabadian A, Jamshidi E, Khodaei-Joghan 
A (2013) Effects of arbuscular mycorrhizal inoculation on growth, yield, 
nutrient uptake and irrigation water productivity of sunflowers grown 
under drought stress. Agric Water Manag 117:106–114. https:// doi. org/ 
10. 1016/j. agwat. 2012. 11. 007

Giri B, Kapoor R, Mukerji KG (2007) Improved tolerance of Acacia nilotica to 
salt stress by arbuscular mycorrhiza, Glomus fasciculatum may be partly 
related to elevated K/Na ratios in root and shoot tissues. Microb Ecol 
54:753–760

Gosztola B, Sáros S, Németh Έ (2010) Variability of the essential oil content and 
composition of chamomile (Matricaria recutita L.) affected by weather 
conditions. Nat Prod Commun. https:// doi. org/ 10. 1177/ 19345 78X10 
00500 325

Haberman A, Dag A, Shtern N, Zipori I, Erel R, Ben-Gal A, Yermiyahu U (2019) 
Significance of proper nitrogen fertilization for olive productivity in 
intensive cultivation. Sci Hortic 246:710–717. https:// doi. org/ 10. 1016/j. 
scien ta. 2018. 11. 055

Halo BA, Al-Yahyai RA, Al-Sadi AM (2020) An endophytic Talaromyces omanen-
sis enhances reproductive, physiological and anatomical characteristics 
of drought-stressed tomato. J Plant Physiol 249:153163. https:// doi. org/ 
10. 1016/j. jplph. 2020. 153163

Hameed A, Wu Q S, Abd-Allah E F, Hashem A, Kumar A, Lone H. A, Ahmad P 
(2014) Role of AM fungi in alleviating drought stress in plants. In: Use of 
microbes for the alleviation of soil stresses (pp. 55–75). Springer. https:// 
doi. org/ 10. 1007/ 978-1- 4939- 0721-2_4

https://doi.org/10.1016/j.scienta.2019.108923
https://doi.org/10.1016/j.jplph.2012.01.014
https://doi.org/10.1016/j.jplph.2012.01.014
https://doi.org/10.1016/j.jplph.2012.01.014
https://doi.org/10.1016/j.jplph.2012.01.014
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1007/s12298-017-0462-7
https://doi.org/10.1016/j.sjbs.2019.10.008
https://doi.org/10.1016/j.sjbs.2019.10.008
https://doi.org/10.1016/j.scienta.2015.09.062
https://doi.org/10.1016/j.indcrop.2014.09.004
https://doi.org/10.1016/j.jplph.2015.11.007
https://doi.org/10.1016/j.jplph.2015.11.007
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.sjbs.2010.06.007
https://doi.org/10.1016/j.jenvman.2018.10.040
https://doi.org/10.1016/j.agwat.2019.04.022
https://doi.org/10.1016/j.indcrop.2019.111562
https://doi.org/10.1016/j.indcrop.2019.111562
https://doi.org/10.1016/j.plaphy.2010.11.010
https://doi.org/10.1016/j.plaphy.2010.11.010
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.1016/j.ejsobi.2011.07.004
https://doi.org/10.1016/j.ejsobi.2011.07.004
https://doi.org/10.1111/j.1469-8137.1981.tb01690.x
https://doi.org/10.1016/j.indcrop.2019.03.071
https://doi.org/10.3390/f11101117
https://doi.org/10.3390/f11101117
https://doi.org/10.1104/pp.16.00307
https://doi.org/10.1080/01904167.2011.580878
https://doi.org/10.1016/j.apsoil.2018.06.002
https://doi.org/10.1080/01904167.2019.1648679
https://doi.org/10.3389/fphar.2013.00177
https://doi.org/10.1016/j.indcrop.2013.07.009
https://doi.org/10.1016/j.indcrop.2013.07.009
https://doi.org/10.1016/j.agwat.2012.11.007
https://doi.org/10.1016/j.agwat.2012.11.007
https://doi.org/10.1177/1934578X1000500325
https://doi.org/10.1177/1934578X1000500325
https://doi.org/10.1016/j.scienta.2018.11.055
https://doi.org/10.1016/j.scienta.2018.11.055
https://doi.org/10.1016/j.jplph.2020.153163
https://doi.org/10.1016/j.jplph.2020.153163
https://doi.org/10.1007/978-1-4939-0721-2_4
https://doi.org/10.1007/978-1-4939-0721-2_4


Page 16 of 17Ebrahimi et al. Botanical Studies           (2021) 62:22 

Hasanuzzaman M, Gill SS, Fujita M (2013) Physiological role of nitric oxide 
in plants grown under adverse environmental conditions. In: Tuteja 
N, Gill SS (eds) Plant acclimation to environmental stress. Springer 
Science+Business Media, New York, pp 269–322

Hashem A, Kumar A, Al-Dbass AM, Alqarawi AA, Al-Arjani ABF, Singh G, Farooq 
M (2019) Arbuscular mycorrhizal fungi and biochar improves drought 
tolerance in chickpea. Saudi J Biol Sci 26(3):614–624. https:// doi. org/ 10. 
1016/j. sjbs. 2018. 11. 005

He H, Jin X, Ma H, Deng Y, Huang J, Yin L (2020) Changes of plant biomass 
partitioning, tissue nutrients and carbohydrates status in magnesium-
deficient banana seedlings and remedy potential by foliar application 
of magnesium. Sci Hortic 268:109377. https:// doi. org/ 10. 1016/j. scien ta. 
2020. 109377

Hoagland DR, Arnon DI (1950) The water-culture method for growing plants 
without soil. Circular 347:32

Hu J, Chan PT, Wu F, Wu S, Zhang J, Lin X, Wong MH (2013) Arbuscular mycor-
rhizal fungi induce differential Cd and P acquisition by Alfred stonecrop 
(Sedum alfredii Hance) and upland kangkong (Ipomoea aquatica Forsk.) 
in an intercropping system. Appl Soil Ecol 63:29–35. https:// doi. org/ 10. 
1016/j. apsoil. 2012. 09. 002

Irigoyen J, Einerich D, Sánchez-Díaz M (1992) Water stress induced changes 
in concentrations of proline and total soluble sugars in nodulated alfalfa 
(Medicago sativd) plants. Physiol Plant 84(1):55–60. https:// doi. org/ 10. 
1111/j. 1399- 3054. 1992. tb087 64.x

Kahn V (1975) Polyphenol oxidase activity and browning of three avocado 
varieties. J Sci Food Agric 26(9):1319–1324. https:// doi. org/ 10. 1002/ jsfa. 
27402 60910

Khan MIR, Per FM, T S Anjum N A, Khan N A, (2015) Salicylic acid-induced 
abiotic stress tolerance and underlying mechanisms in plants. Front Plant 
Sci 6:462

Khanna-Chopra R, Selote DS (2007) Acclimation to drought stress generates 
oxidative stress tolerance in drought-resistant than-susceptible wheat 
cultivar under field conditions. Environ Exp Bot 60(2):276–283. https:// doi. 
org/ 10. 1016/j. envex pbot. 2006. 11. 004

Knudsen D, Peterson G, Pratt P (1982) Lithium, sodium, and potassium. In: 
Page AL, Miller RH, Keeney DR (eds) Methods of soil analysis Part 2. 
Chemical and microbiological properties. American Society of Agronomy, 
Madison

Kong J, Pei Z, Du M, Sun G, Zhang X (2014) Effects of arbuscular mycorrhizal 
fungi on the drought resistance of the mining area repair plant Sainfoin. 
Int J Min Sci Technol 24(4):485–489. https:// doi. org/ 10. 1016/j. ijmst. 2014. 
05. 011

Lehmann A, Veresoglou SD, Leifheit EF, Rillig MC (2014) Arbuscular mycor-
rhizal influence on zinc nutrition in crop plants–a meta-analysis. Soil Biol 
Biochem 69:123–131. https:// doi. org/ 10. 1016/j. soilb io. 2013. 11. 001

Li T, Lin G, Zhang X, Chen Y, Zhang S, Chen B (2014) Relative importance of an 
arbuscular mycorrhizal fungus (Rhizophagus intraradices) and root hairs in 
plant drought tolerance. Mycorrhiza 24(8):595–602

Meddich A, Jaiti F, Bourzik W, El Asli A, Hafidi M (2015) Use of mycorrhizal fungi 
as a strategy for improving the drought tolerance in date palm (Phoenix 
dactylifera). Sci Hortic 192:468–474. https:// doi. org/ 10. 1016/j. scien ta. 2015. 
06. 024

Michel BE, Kaufmann MR (1973) The osmotic potential of polyethylene glycol 
6000. Plant Physiol 51(5):914–916. https:// doi. org/ 10. 1104/ pp. 51.5. 914

Monreal J, Jimenez E, Remesal E, Morillo-Velarde R, García-Mauriño S, Echevar-
ría C (2007) Proline content of sugar beet storage roots: Response to 
water deficit and nitrogen fertilization at field conditions. Environ Exp Bot 
60(2):257–267. https:// doi. org/ 10. 1016/j. envex pbot. 2006. 11. 002

Mouradi M, Bouizgaren A, Farissi M, Latrach L, Qaddoury A, Ghoulam C (2016) 
Seed osmopriming improves plant growth, nodulation, chlorophyll 
fluorescence and nutrient uptake in alfalfa (Medicago sativa L.)–rhizobia 
symbiosis under drought stress. Sci Hortic 213:232–242. https:// doi. org/ 
10. 1016/j. scien ta. 2016. 11. 002

Munns R (1993) Physiological processes limiting plant growth in saline soils: 
some dogmas and hypotheses. Plant, Cell Environment 16(1):15–24. 
https:// doi. org/ 10. 1111/j. 1365- 3040. 1993. tb008 40.x

Mustafa G, Khong NG, Tisserant B, Randoux B, Fontaine J, Magnin-Robert M, 
Reignault P, Sahraoui ALH (2017) Defence mechanisms associated with 
mycorrhiza-induced resistance in wheat against powdery mildew. Funct 
Plant Biol 44(4):443–454. https:// doi. org/ 10. 1071/ FP162 06

Nouraei S, Rahimmalek M, Saeidi G (2018) Variation in polyphenolic composi-
tion, antioxidants and physiological characteristics of globe artichoke 
(Cynara cardunculus var. scolymus Hayek L.) as affected by drought stress. 
Sci Hortic 233:378–385. https:// doi. org/ 10. 1016/j. scien ta. 2017. 12. 060

Novamsky I, Van Eck R, Van Schouwenburg C, Walinga I (1974) Total nitrogen 
determination in plant material by means of the indophenol-blue 
method. NJAS 22(1):3–5. https:// doi. org/ 10. 18174/ njas. v22i1. 17230

Paquin R, Lechasseur P (1979) Observations sur une méthode de dosage de 
la proline libre dans les extraits de plantes. Can J Bot 57(18):1851–1854. 
https:// doi. org/ 10. 1139/ b79- 233

Rehmat S, Khera R A, Hanif M A, Ayub M A, Zubair, M (2020) Chamomilla. In 
Medicinal Plants of South Asia (pp. 101–112) Elsevier. https:// doi. org/ 10. 
1016/ B978-0- 08- 102659- 5. 00008-2

Røtset O (1985) Determination of phosphate species in nutrient solutions and 
phosphorus in plant material as phosphovanadomolybdic acid by flow 
injection analysis. Anal Chim Acta 178: 217-221. https:// doi. org/ 10. 1016/ 
S0003- 2670(00) 86271-6

Ruiz-Lozano J, Azcón R, Gomez M (1995) Effects of arbuscular-mycorrhizal 
glomus species on drought tolerance: physiological and nutritional plant 
responses. Appl Environ Microbiol 61(2):456–460

Salehi A, Tasdighi H, Gholamhoseini M (2016) Evaluation of proline, chlo-
rophyll, soluble sugar content and uptake of nutrients in the German 
chamomile (Matricaria chamomilla L.) under drought stress and organic 
fertilizer treatments. Asian Pac J Trop Biomed 6(10):886–891. https:// doi. 
org/ 10. 1016/j. apjtb. 2016. 08. 009

Selmar D, Kleinwächter M, Abouzeid S, Yahyazadeh M, Nowak M (2017) The 
impact of drought stress on the quality of spice and medicinal plants. In 
Medicinal plants and environmental challenges (pp. 159–175) Springer. 
https:// doi. org/ 10. 1007/ 978-3- 319- 68717-9_9

Sharifi F, Simbar M, Mojab F, Majd HA (2014) Comparison of the effects of Mat-
ricaria chamomila (Chamomile) extract and mefenamic acid on the inten-
sity of premenstrual syndrome. Complement Ther Clin Pract 20(1):81–88. 
https:// doi. org/ 10. 1016/j. ctcp. 2013. 09. 002

Sharma A (2004) Global medicinal plants demand may touch $5 trillion by 
2050. Indian Express, 29.

Silva EC, Nogueira RJMC, Vale FHA, Araujo FP, Pimenta MA (2009) Stomatal 
changes induced by intermittent drought in four umbu tree geno-types. 
Braz J Plant Physiol 21:33–42

Szabados L, Savouré A (2010) Proline: a multifunctional amino acid. Trends 
Plant Sci 15(2):89–97. https:// doi. org/ 10. 1016/j. tplan ts. 2009. 11. 009

Thipyapong P, Melkonian J, Wolfe W, Steffens JC (2004) Suppression of 
polyphenol oxidases increases stress tolerance in tomato. Plant Sci 
167(4):693–703. https:// doi. org/ 10. 1016/j. plant sci. 2004. 04. 008

Tsai HJ, Shao KH, Chan MT, Cheng CP, Yeh KW, Oelmüller R, Wang SJ (2020) 
Piriformospora indica symbiosis improves water stress tolerance of rice 
through regulating stomata behavior and ROS scavenging systems. Plant 
Signal Behav 15(2):1722447

Tsivelik N, Sarrou E, Gusheva K, Pankou C, Koutsos T, Chatzopoulou P, Mav-
romatis A (2018) Phenotypic variation of wild Chamomile (Matricaria 
chamomilla L.) populations and their evaluation for medicinally impor-
tant essential oil. Biochem Syst Ecol 80:21–28. https:// doi. org/ 10. 1016/j. 
bse. 2018. 06. 001

Tyagi J, Varma A, Pudake RN (2017) Evaluation of comparative effects of 
arbuscular mycorrhiza (Rhizophagus intraradices) and endophyte (Pirifor-
mospora indica) association with finger millet (Eleusine coracana) under 
drought stress. Eur J Soil Biol 81:1–10. https:// doi. org/ 10. 1016/j. ejsobi. 
2017. 05. 007

Uzilday B, Turkan I, Sekmen AH, Ozgur R, Karakaya H (2012) Comparison of ROS 
formation and antioxidant enzymes in Cleome gynandra (C4) and Cleome 
spinosa (C3) under drought stress. Plant Sci 182:59–70. https:// doi. org/ 10. 
1016/j. plant sci. 2011. 03. 015

Verbruggen N, Hermans C (2013) Physiological and molecular responses to 
magnesium nutritional imbalance in plants. Plant Soil 368(1):87–99

Wang WG, Li R, Liu B, Li L, Wang SH, Chen F (2011) Effects of low nitrogen and 
drought stresses on proline synthesis of Jatropha curcas seedling. Acta 
Physiol Plant 33(5):1591–1595

Wang M, Zheng Q, Shen Q, Guo S (2013) The critical role of potassium in plant 
stress response. Int J Mol Sci 14(4):7370–7390. https:// doi. org/ 10. 3390/ 
ijms1 40473 70

https://doi.org/10.1016/j.sjbs.2018.11.005
https://doi.org/10.1016/j.sjbs.2018.11.005
https://doi.org/10.1016/j.scienta.2020.109377
https://doi.org/10.1016/j.scienta.2020.109377
https://doi.org/10.1016/j.apsoil.2012.09.002
https://doi.org/10.1016/j.apsoil.2012.09.002
https://doi.org/10.1111/j.1399-3054.1992.tb08764.x
https://doi.org/10.1111/j.1399-3054.1992.tb08764.x
https://doi.org/10.1002/jsfa.2740260910
https://doi.org/10.1002/jsfa.2740260910
https://doi.org/10.1016/j.envexpbot.2006.11.004
https://doi.org/10.1016/j.envexpbot.2006.11.004
https://doi.org/10.1016/j.ijmst.2014.05.011
https://doi.org/10.1016/j.ijmst.2014.05.011
https://doi.org/10.1016/j.soilbio.2013.11.001
https://doi.org/10.1016/j.scienta.2015.06.024
https://doi.org/10.1016/j.scienta.2015.06.024
https://doi.org/10.1104/pp.51.5.914
https://doi.org/10.1016/j.envexpbot.2006.11.002
https://doi.org/10.1016/j.scienta.2016.11.002
https://doi.org/10.1016/j.scienta.2016.11.002
https://doi.org/10.1111/j.1365-3040.1993.tb00840.x
https://doi.org/10.1071/FP16206
https://doi.org/10.1016/j.scienta.2017.12.060
https://doi.org/10.18174/njas.v22i1.17230
https://doi.org/10.1139/b79-233
https://doi.org/10.1016/B978-0-08-102659-5.00008-2
https://doi.org/10.1016/B978-0-08-102659-5.00008-2
https://doi.org/10.1016/S0003-2670(00)86271-6
https://doi.org/10.1016/S0003-2670(00)86271-6
https://doi.org/10.1016/j.apjtb.2016.08.009
https://doi.org/10.1016/j.apjtb.2016.08.009
https://doi.org/10.1007/978-3-319-68717-9_9
https://doi.org/10.1016/j.ctcp.2013.09.002
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1016/j.plantsci.2004.04.008
https://doi.org/10.1016/j.bse.2018.06.001
https://doi.org/10.1016/j.bse.2018.06.001
https://doi.org/10.1016/j.ejsobi.2017.05.007
https://doi.org/10.1016/j.ejsobi.2017.05.007
https://doi.org/10.1016/j.plantsci.2011.03.015
https://doi.org/10.1016/j.plantsci.2011.03.015
https://doi.org/10.3390/ijms14047370
https://doi.org/10.3390/ijms14047370


Page 17 of 17Ebrahimi et al. Botanical Studies           (2021) 62:22  

Wichtl M (2004) Herbal drugs and phytopharmaceuticals: a handbook for 
practice on a scientific basis. Medpharm GmbH Scientific Publishers, 
Germany

Wu QS, Xia RX (2006) Arbuscular mycorrhizal fungi influence growth, osmotic 
adjustment and photosynthesis of citrus under well-watered and water 
stress conditions. J Plant Physiol 163:417–425. https:// doi. org/ 10. 1016/j. 
jplph. 2005. 04. 024

Wu Q, Zou Y (2009a) Mycorrhiza has a direct effect on reactive oxygen 
metabolism of drought-stressed citrus. Plant Soil Environ 55(10):436–442

Wu Q, Zou Y (2009b) Mycorrhizal influence on nutrient uptake of citrus 
exposed to drought stress. Philippine Agric Sci 92(1):33–38

Wu QS, Srivastava AK, Zou YN (2013) AMF-induced tolerance to drought stress 
in citrus: a review. Sci Hortic 164:77–87. https:// doi. org/ 10. 1016/j. scien ta. 
2013. 09. 010

Zardak SG, Dehnavi MM, Salehi A, Gholamhoseini M (2018) Effects of using 
arbuscular mycorrhizal fungi to alleviate drought stress on the physi-
ological traits and essential oil yield of fennel. Rhizosphere 6:31–38. 
https:// doi. org/ 10. 1016/j. scien ta. 2015. 11. 002

Zhang F, Zou YN, Wu QS (2018) Quantitative estimation of water uptake by 
mycorrhizal extraradical hyphae in citrus under drought stress. Sci Hortic 
229:132–136. https:// doi. org/ 10. 1016/j. scien ta. 2017. 10. 038

Zhao R, Guo W, Bi N, Guo J, Wang L, Zhao J, Zhang J (2015) Arbuscular mycor-
rhizal fungi affect the growth, nutrient uptake and water status of maize 
(Zea mays L.) grown in two types of coal mine spoils under drought 
stress. Appl Soil Ecol 88:41–49. https:// doi. org/ 10. 1016/j. apsoil. 2014. 11. 
016

Zhao Q, Guo J, Shu M, Wang P, Hu S (2020) Impacts of drought and nitrogen 
enrichment on leaf nutrient resorption and root nutrient allocation in 
four Tibetan plant species. Sci Total Environ 723:138106. https:// doi. org/ 
10. 1016/j. scito tenv. 2020. 138106

Zhou W, Leul M (1999) Uniconazole-induced tolerance of rape plants to heat 
stress in relation to changes in hormonal levels, enzyme activities and 
lipid peroxidation. Plant Growth Regul 27(2):99–104

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jplph.2005.04.024
https://doi.org/10.1016/j.jplph.2005.04.024
https://doi.org/10.1016/j.scienta.2013.09.010
https://doi.org/10.1016/j.scienta.2013.09.010
https://doi.org/10.1016/j.scienta.2015.11.002
https://doi.org/10.1016/j.scienta.2017.10.038
https://doi.org/10.1016/j.apsoil.2014.11.016
https://doi.org/10.1016/j.apsoil.2014.11.016
https://doi.org/10.1016/j.scitotenv.2020.138106
https://doi.org/10.1016/j.scitotenv.2020.138106



